Background & aims
Introduction Hepatocellular carcinoma (HCC) is a common cause of cancer-related deaths worldwide. [1] HCC usually develops in a liver already suffering from chronic diseases such as chronic viral hepatitis, alcoholic liver disease, and nonalcoholic fatty liver disease (NAFLD). [2, 3] Hepatic iron accumulation is often present in patients with various chronic liver diseases including hemochromatosis, chronic hepatitis C, and NAFLD, and is thought to contribute to liver injury in these patients. [4] [5] [6] Excess iron injures cells primarily by catalyzing the production of reactive oxygen species, which cause lipid peroxidation, oxidation of amino acids with consequent protein-protein cross-linking, protein fragmentation, and DNA damage. [7] Recent studies have suggested that these oxidative stresses play a key role in liver injury and hepatocarcinogenesis. [8] [9] [10] [11] [12] [13] In addition, phlebotomy improves elevated serum transaminase levels and histological changes, and may reduce the risk of HCC development in patients with chronic hepatitis C. [14] [15] [16] Hepatic iron overload is evaluable using a biopsy specimen for either histological or direct measurement of hepatic iron concentration. [17] However, liver biopsy is an invasive procedure with the possibility of life-threatening complications. [18] Serum ferritin is widely used to assess iron homeostasis. [7] We previously reported that extremely high or low serum levels of ferritin are an independent risk factor for HCC development in male patients with chronic hepatitis C. [19] Moreover, they are a predictor of mortality in patients with end-stage liver disease, before and after liver transplantation. [20] [21] [22] Recently, serum ferritin was found to be one of the predictors of disease progression and long-term mortality in patients with NAFLD [23] [24] [25] . However, few studies have assessed its impact on the prognosis of HCC patients after curative treatment.
Radiofrequency ablation (RFA) along with resection is recommended as a standard curative treatment option for early-stage HCC because of its high local controllability. [26] [27] [28] [29] We elucidated the impact of serum levels of ferritin and pathological hepatic iron accumulation on the prognosis of HCC patients undergoing RFA in a large cohort.
Materials and methods

Patients
From January 2006 to December 2010, 622 treatment-naïve HCC patients underwent RFA as initial treatment at the Department of Gastroenterology, the University of Tokyo Hospital. We enrolled 611 of these patients in the current study after excluding 11 patients in whom RFA was performed with non-curative intent to reduce tumor burden. Of those 611 patients, we enrolled 578 (94.6%) in this study in whom serum levels of ferritin were measured on admission before RFA; these patients were subjected to a retrospective analysis. The inclusion criteria for RFA were as follows: total bilirubin level of less than 3 mg/dL, platelet count of no less than 50 x 10 3 /mm 3 , and prothrombin activity level of no less than 50%. Patients with macroscopic vascular invasion, refractory ascites, or extrahepatic metastasis were excluded. In general, we performed RFA on patients with three or fewer lesions of 3 cm or less in diameter. We also performed ablation on patients beyond these criteria if it was predicted to be clinically effective. [30, 31] We enrolled patients who underwent transcatheter arterial chemoembolization prior to RFA when the treatments were performed sequentially. If possible, a background liver biopsy was performed simultaneously with RFA. This study was conducted according to the ethical guidelines for epidemiologic research developed by the Ministry of Education, Culture, Sports, Science and Technology and the Ministry of Health, Labour and Welfare, Japan. The study design was approved by the University of Tokyo Medical Research Center Ethics Committee (Registration No. 2058).
Diagnosis of HCC
HCC was diagnosed by dynamic computed tomography (CT), and hyperattenuation in the arterial phase with washout in the late phase was considered the definite sign of HCC. [32, 33] When the diagnosis of HCC was not definite, ultrasound-guided tumor biopsy was performed, and pathological diagnosis was made based on the Edmondson-Steiner criteria. [34] Treatment and evaluation RFA was performed on an in-patient basis. The details of the RFA technique are described elsewhere. [28] Briefly, a 17-gauge, cooled-tip electrode (Covidien, Mansfield, MA, USA) was inserted into the lesion under real-time ultrasound guidance. We started ablation at 60 W for the 3 cm exposed tip and 40 W for the 2 cm exposed tip. The power was increased to 140 W at a rate of 20 W/min. When a rapid increase in impedance was observed during thermal ablation, we minimized the output for 15 s and restarted the emission at a lower output. The duration of a single ablation was 12 min for the 3 cm electrode and 6 min for the 2 cm electrode. After one or two sessions of RFA, dynamic CT was performed to evaluate the treatment efficacy. A lesion was judged to be completely ablated when the non-enhanced area shown in the late phase of CT post-ablation covered the entire lesion shown in both the early and late phases of CT pre-ablation with a safety margin in the surrounding liver parenchyma. We confirmed complete ablation in all of the slices on which the target nodule was visualized. Patients received additional sessions until complete ablation was confirmed in each nodule.
Follow-up
The follow-up regimen consisted of blood tests and monitoring of tumor markers in an outpatient setting. Ultrasonography and dynamic CT were also performed every 4 months. Tumor recurrence was defined as a newly developed lesion on a dynamic CT that showed hyperattenuation in the arterial phase with washout in the late phase. Local tumor progression was defined as the appearance of viable cancer tissue touching the initially treated tumor and distant recurrence as the emergence of one or several tumors separate from the primary site. [35] RFA was performed for recurrent tumors if the patient still met the indication criteria. If multiple recurrences were not treatable with RFA, transarterial chemoembolization was generally performed.
Pathological evaluation of hepatic iron accumulation
Background liver biopsy was performed on the same day of RFA whenever possible. Biopsy specimens of 22 mm in lenght were obtained using a 16-gauge biopsy needle (Bard Monopty, Bard Peripheral Vascular, Inc., Tempe, AZ, USA). Iron accumulation in the non-cancerous liver parenchyma was evaluated pathologically using the liver biopsy specimen. Prussian blue staining was applied to evaluate hepatic iron deposition. Of patients with a solitary tumor smaller than 2 cm, hepatic iron accumulation was evaluated in detail by a pathologist with 15 years of experience in liver pathology using the semi-quantitative method described by Scheuer and Lefkowitch; for example, a score of 1 was assigned to biopsies with hemosiderin in rare periportal hepatocytes or at the periphery of regenerative parenchymal nodules, a score of 2 was assigned to biopsies with hemosiderin in numerous periportal hepatocytes in zone 1 of the hepatic acini or extensively around the periphery of regenerative parenchymal nodules, a score of 3 was given to biopsies with hemosiderin extensively in zones 1 and 2 of the hepatic acini or more extensively in regenerative parenchymal nodules, and a score of 4 was assigned to biopsies with hemosiderin throughout all of the acinar zones or throughout regenerative parenchymal nodules. [5, 36] The representative pictures of each socre were shown in Fig 1. The patients' clinicopathological information was concealed from the pathologist. We hypothesized that hepatic iron accumulation influences the recurrence caused by multicentric carcinogenesis (i.e., de novo, not intrahepatic metastasis). Thus, we evaluated hepatic iron accumulation semi-quantitatively only in patients with a solitary small HCC because they were less likely to have intrahepatic metastasis. Along with evaluation of hepatic iron accumulation, we also evaluated stage of liver fibrosis and grade of necroinflammatory activity with META-VIR system. [37, 38] 
Stratification according to serum ferritin level
We divided our cohort into the following four groups by the quartile points of serum ferritin level: G1 ( 55 ng/mL, n = 148), G2 (56-130 ng/mL, n = 142), G3 (131-243 ng/mL, n = 144), and G4 (!244 ng/mL, n = 144).
Statistical analysis
The categorical variables were compared by the Fisher's exact test, whereas continuous variables were compared by one-way analysis of variance (parametric) or the Kruskal-Wallis test (non-parametric). The cumulative survival rate and incidence of HCC recurrence were estimated using the Kaplan-Meier method. Follow-up ended on December 31, 2015. For prognostic factors, we used the following variables together with serum ferritin level in univariate and multivariate Cox proportional hazard regression analyses: age, sex, hepatitis B surface antigen positivity, hepatitis C antibody positivity, alcohol consumption, body mass index (BMI), aspartate aminotransferase (AST) level, hemoglobin, platelet count, Child-Pugh classification, tumor size, tumor number, alpha-fetoprotein (AFP) level, lens-culinaris agglutininreactive fraction of AFP (AFP-L3) level, and des-γ-carboxyl-prothrombin (DCP) level.
Stepwise variable selection with the Akaike information criterion was used to identify the best model in multivariate analyses. P values of < 0.05 in a two-tailed test were considered statistically significant. All of the statistical analyses were performed using R 3.4.3 (http://www.Rproject.org).
Results
Patient profiles
The enrolled HCC patient cohort in this study consisted of 369 males and 209 females with a median age of 70.6 years. The median tumor size was 2.2 cm. A total of 369 patients (62.8%) had a solitary HCC lesion. The median serum ferritin level was 129.5 (25-75th percentiles: 55.0-243.0) ng/mL. The age, sex, BMI, total bilirubin, AST, alanine aminotransferase (ALT), hemoglobin, platelet count, tumor number, AFP level, and AFP-L3 level differed among the four groups (Table 1) .
Relationship between serum levels of ferritin and other clinical factors
The median serum level of ferritin was 143.5 ng/mL in patients aged 70 or younger and 106.5 ng/mL in patients over 70 years of age. Serum levels of ferritin in patients over 70 years of age were significantly lower than those of patients aged 70 or younger (P = 0.001) (Fig 2A) . Serum levels of ferritin were significantly lower in female than in male (median: 142.0 ng/mL in male and 103.0 ng/mL in female, P = 0.0007) (Fig 2B) . The median serum level of ferritin was 131.0 ng/mL in hepatitis B patients, 128.0 ng/mL in hepatitis C patients and 134.0 ng/mL in non-B non-C patients, respectively. According to the etiology, there was no statistical difference in serum levels of ferritin (P = 0.997) (Fig 2C) . The median serum level of ferritin was 130.0 ng/ mL in Child-Pugh class A patients, 131.0 ng/mL in class B patients, 48 ng/mL in class C patients. Although threre was no significant difference, the serum levels of ferritin were lower in Child-Pugh class C patients than in class A or B patients (P = 0.13) (Fig 2D) .
Serum levels of ferritin according to the hepatic iron accumulation score
In our cohort, 136 patients had solitary HCC less than 2 cm (very early stage of BCLC staging system). Of those 136 patients, hepatic iron accumulation was evaluable pathologically in 106 patients. In total, 64 patients were assigned a score of 0, 27 patients were assigned a score of 1, 14 patients had a score of 2, and 1 patient was assigned a score of 4. No patient was assigned a score of 3. The median serum levels of ferritin were 59.0, 184.0, 272.5 and 359.0 ng/mL in patients with scores of 0, 1, 2, and 4, respectively (Fig 3A) , with statistically significant differences (P< 0.0001). The serum levels of ferritin in patients with a score of 1 or 2 were significantly higher than those in patients with a score of 0 (P < 0.0001 and P < 0.0001, respectively). The serum levels of ferritin were not significantly different according to the stage of liver fibrosis and grade of necroinflammatory activity in METAVIR system (Fig 3B and 3C) .
HCC recurrence
During the follow-up period, tumor recurrence was identified in 455 cases. The cumulative rates of overall recurrence at 1, 3, and 5 years were 35.3%, 70.7%, and 81.6%, respectively ( Fig  4A) . The cumulative rates of overall recurrence at 5 years in G1, G2, G3, and G4 were 79.2%, 78.3%, 83.9%, and 84.4%, respectively. There were no significant differences in the recurrence rate among the four groups (Fig 4B, P = 0.31) . When we only analyzed cases in the very early stage of BCLC staging system, there were no significant differences in recurrence rates according to serum ferritin level (Fig 4C, P = 0.17) or hepatic iron accumulation (Fig 4D, P = 0.99) . Univariate analyses demonstrated that sex, hepatitis B surface antigen, hepatitis C antibody, AST level, platelet count, Child-Pugh classification, tumor number, and AFP-L3 level were correlated with recurrence (Table 2) . A multivariate analysis showed that age, sex, AST, hemoglobin, Child-Pugh class, tumor number, and AFP-L3 level, but not serum ferritin level, were independent predictors of recurrence.
Survival
During the follow-up period, 278 patients died. The cumulative rates of overall survival at 1, 3, 5, 7, 9 years were 97.7%, 82.7%, 66.3%, 50.8%, and 40.4%, respectively (Fig 5A) . The cumulative rates of overall survival at 5 years in G1, G2, G3, and G4 were 70.4%, 60.5%, 71.8%, and 62.3%, respectively. There were no significant differences in survival rates among the four groups according to serum ferritin level (Fig 5B ; P = 0.45). When we only analyzed cases at a very early stage of BCLC staging system, again there were no significant differences in survival rate according to serum ferritin level ( (Table 3) . A multivariate analysis showed that age, hepatitis B surface antigen positivity, alcohol consumption, AST, platelet count, Child-Pugh class, tumor number, DCP level, and AFP-L3 level, but not serum ferritin level, were independent predictors of survival.
Discussion
The results of this study showed that serum level of ferritin reflect hepatic iron accumulation, but is not a prognostic factor for HCC patients after RFA. It has been already known that there were two different types of HCC recurrence, i.e. intrahepatic metastasis and de novo carcinogenesis.
[39] As we have already described, hepatic iron accumulation is thought to contribute to liver injury and thus potentially hepatocarcinogenesis. Therefore, we hypothesized that high serum ferritin level and pathological hepatic iron accumulation are associated with HCC recurrence in the form of de novo carcinogenesis. In order to demonstrate the theory, we analyzed only in patients with a solitary small HCC who had lower risk of intrahepatic recurrence. However, the results were negative. Similar to previous reports in patients with chronic liver disease, [40, 41] serum ferritin level and pathological hepatic iron deposition score had significant positive correlations in our cohort. This confirms the validity of our evaluation of pathological hepatic iron deposition. In our previous study, an extremely high or low serum ferritin level is an independent risk factor for HCC development in male patients with chronic hepatitis C. [19] However, in the current study, serum ferritin level was not a predictor of recurrence or survival among patients with HCC undergoing RFA. This result was unchanged when only male patients with HCV infection were analyzed. We assumed that serum ferritin level does not affect the prognosis of HCC patients undergoing RFA because of the greater impact of known prognostic factors, such as tumor factors and liver function.
By contrast, Facciorusso et al. reported that serum ferritin level is a risk factor for survival and recurrence after RFA in HCC patients. [42] The authors divided their cohort into two groups using a cutoff serum ferritin level of 244 ng/mL. The survival and recurrence rates of the patients with a serum ferritin level of > 244 ng/mL were significantly worse than those with a serum ferritin level of 244 ng/mL. Although we also used cutoff point of 244 ng/mL, there were no significant differences between the two groups (data not shown). The baseline characteristics of the patients such as age, sex, etiology, BMI, liver function and tumor stage were similar. The overall survival and recurrence rates were also similar. The main differences were as follows. First, our study involved a larger number of patients than did the previous work (578 vs. 103). Second, the median serum ferritin level was slightly lower in our cohort (129.5 vs. 188.5 ng/mL). Third, the vast majority of our patients were Japanese, while the previous study was conducted in Italy. These differences may create the discrepancy of the results between the two studies. This study had several limitations. First, because this was retrospective study, the serum ferritin level in all HCC patients undergoing RFA during the study period could not be evaluated. However, we measured the serum ferritin levels of more than 90% of those patients. Thus, any selection bias was limited. Second, almost all of the patients in our cohort were Japanese, and the distribution of serum ferritin level differs among ethnicities. [43, 44] Third, data of other chemical markers related to iron metabolism, such as serum iron concentration and transferrin saturation, were missing. Forth, the majority of the patients in our cohort were HCV related HCC. Finally, we did not evaluate HFE mutation to rule out hereditary hemochromatosis; this was not essential because hereditary hemochromatosis is very rare in Japan (i.e., the prevalence of the C282Y mutation is 0.000039% among Asians). [43, 45] Serum ferritin and prognosis of HCC patients undergoing RFA
In conclusion, serum levels of ferritin did not affect the prognosis of patients with HCC who underwent RFA.
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